Abstract. We report here the cloning and sequencing of a cytoplasmic dynein heavy chain gene from the cellular slime mold Dictyostelium discoideum. Using a combination of approaches, we have isolated 14,318 bp of DNA sequence which contains an open-reading frame of 4,725 amino acids. The deduced molecular weight of the polypeptide predicted by this reading frame is 538,482 D. Overall, the polypeptide sequence is 51% similar and 28% identical to the recently published sequences of the 13-dynein heavy chain from sea urchin flagella (Gibbons, I. R., B. H. Gibbons, G.
combination of approaches, we have isolated 14,318 bp of DNA sequence which contains an open-reading frame of 4,725 amino acids. The deduced molecular weight of the polypeptide predicted by this reading frame is 538,482 D. Overall, the polypeptide sequence is 51% similar and 28% identical to the recently published sequences of the 13-dynein heavy chain from sea urchin flagella (Gibbons, I . R., B. H. Gibbons, G. Mocz, and D. J. Asai. 1991. Nature (Lond.) . 352: 640-643; Ogawa, K. 1991. Nature (Lond.) . 352:643-645) . It contains four GXXXXGKT/S motifs that form part of a consensus sequence for ATP-binding domains; these motifs are clustered near the middle of the polypeptide. The distribution of the regions sharing sequence similarity between the Dictyostelium and sea urchin heavy chain polypeptides suggests that the amino termini of dyneins may contain domains that specify axonemal or cytoplasmic functions.
YNEIN is a high molecular weight, microtubule-associated, mechanochemical ATPase (reviewed in Warner et al., 1989) . In cilia and flagella, axonemal dynein slides adjacent doublet microtubules over one another to generate a bending motion. Cytoplasmic forms of dynein have recently been identified in a wide variety of cell types, including some that lack cilia or flagella (reviewed in Mclntosh and Porter, 1989; Vallee and Shpetner, 1990) . Structural features of axonemal and cytoplasmic dyneins are quite similar. Both are very large complexes composed of multiple heavy, intermediate, and light chains. Both of the heavy chains undergo a photocleavage reaction with UV light in the presence of ADP and vanadate ions. Nonetheless, the functional aspects of the two types of dynein are believed to be quite distinct. Not only are they localized to different regions of the cytoplasm, but some biochemical differences in nucleoside triphosphatase activity, microtubule binding, and rates of microtubule gliding between the two dynein forms have been reported (Grissom et al., 1992; Foltz and Asai, 1988; Porter et al., 1988) .
Like kinesin, cytoplasmic dynein is thought to act as a motor for vesicle transport (Schroer and Sheetz, 1991; Mclntosh and Porter, 1989; Vallee and Shpetner, 1990) , and cytoplasmic dynein has been immunolocalized to both spindle microtubules and to the kinetochore regions of mitotic chromosomes (Pfarr et al., 1990; Steuer et al., 1990 , Wordeman et al., 1991 . Because the kinetochore is an important site of mitotic force production (reviewed in Mitchison, 1988;  Please address all correspondence to Michael P. Koonce, Department of Molecular, Cellular, and Developmental Biology, Campus Box 347, University of Colorado, Boulder, Colorado 80309. Mclntosh and Pfarr, 1991; Sawin and Scholey, 1991 ), dynein's localization suggests that it may contribute to chromosome movements. There is not yet, however, any direct functional evidence regarding the roles of cytoplasmic dynein in cell behaviors.
The cellular slime mold Dictyostelium discoideum contains at least one isoform of cytoplasmic dynein, which we have previously purified and characterized biochemicaUy (Koonce and Mclntosh, 1990) . Using an antiserum against the heavy chain of this dynein as an entering wedge, we cloned and sequenced a gene which encodes the high molecular weight polypeptide of cytoplasmic dynein from Dictyostelium. The deduced protein sequence of this heavy chain identifies regions of both high and low similarity to the sequence of sea urchin flagellar 13-dynein heavy chain (Gibbons et al., 1991; Ogawa, 1991) , suggesting the locations of common functional domains as well as regions that are perhaps specialized for axonemal or cytoplasmic roles.
Materials and Methods
Unless otherwise indicated, the molecular methods were performed as described by Sambrook et al. (1989) .
eDNA Cloning
Approximately 600,000 plaques from a Dictyostelium eDNA expression library (Clontech Inc., Palo Alto, CA) were screened with a polyclonal antiserum raised against the dynein heavy chain (Koonce and MeIntosh, 1990 ). This screen identified one 4.0-kb clone that was characterized in some detail before it was used to isolate additional sequences (see Fig. 2 ). Restriction fragments from both the 5' and 3' ends of this initial clone were used to rescreen the library by hybridization, resulting in the identification of three additional clones that confirm the 5' end of the coding sequence, and one t'//A~ZH'~H"H/HHHHHHZA 4.0 kb 2 r, '.,.,zz,'z,'z,','/.,.,zz,'.,E,'/zz/~/4 3.9 -7,347 and 10,727-11,568 were derived from the Clontech eDNA library (clones 1, 2, and 6). Nucleotide numbers 7,073-12,937 were derived from the genomic PCR walk (clones 3-5, 7 and 8). The final clone (9, nucleotide 12,404-14,318) was derived from the PCR amplification of reverse transcribed RNA.
clone extending the open-reading frame 3.3 kb in the Y direction. Subsequent hybridization screens using this new 3' end of the sequence failed to identify clones containing any additional sequence in either the Clontech or in three additional eDNA libraries, so an alternative strategy based on the polymerase chain reaction (PCR) t was adopted to walk to the 3' end of the gene. Several of the resulting PCR clones were also used to screen the eDNA libraries, but only one positive plaque (clone 6) had an insert large enough to warrant additional characterization.
PCR Cloning
A detailed genomic restriction map was constructed using Southern blots probed with sequence from the 3' end of the known dynein gene fragment. This map allowed us to identify enzyme sites in the 3' direction that were ,~1.5 kb apart and we used these sites to asymetrically cut and size select genomic DNA. Ligation of this DNA into a predicted orientation in a plasmid vector then gave us known DNA sequence at the 3' end with which to construct a specific downstream primer for PCR amplification. For each PCR clone, 200/zg of genomic DNA was digested with appropriate enzymes and electrophoresed on an agarose gel. The region of the gel whose Rf would correspond to the fragment of interest was excised and the DNA was glass purified. This DNA was then ligated to an equimolar amount of a vector (pGEM 7Zf, Promega Corp., Madison, WI) that had been digested with the appropriate restriction endonucleases. One-fourth of this ligation reaction was added to a standard 100-#1 PCR cocktail'containing 20 pmol of an upstream (gene-specific) primer, and 20 pmol of a downstream (vector-specific) primer based on either the T7 or SP6 KNA polymerase binding sequences flanking the polylinker site. 35 cycles of amplification were performed using standard conditions in a thermocycler (Perkin-Elmer Corp., Norwalk, CT). The entire reaction product was electrophoresed on an agarose gel; products of the predicted size were excised, their ends were blunted with Ktenow, and they were subcloned into the Sinai site of pGEM. The presence of predicted internal restriction sites, the identity of sequence at the region overlapping the previous clone, and the degree of sequence similarity to the published flagellar dynein sequences were the criteria used to identify positive products.
DNA Sequencing and Sequence Analysis
Double-stranded DNA sequencing was performed using the dideoxy chain termination method (Sanger et al., 1977) and Sequenase 2.0 (US Biochemicals Inc., Cleveland, OH). For most clones, nested deletions were made with exonuclease III using the Erase-a-base kit from Promega Inc. Two clones were sequenced by subeloning overlapping restriction fragments into a plasmid vector. For each PCR step, two independent clones were sequenced in their entirety. Sequence discrepancies between the PCR clones were resolved by sequencing those regions in a third independent clone, using specific primers.
Abbreviations used in this paper: PCR, polymerase chain reaction.
Sequence assembly and initial characterization was performed using DNA Strider. Subsequent DNA and protein analysis was performed using the UWGCG sequence analysis package (Devereux et al., 1984) .
Northern and Southern Blot Analysis
For Northern blot analysis, 20 #g of total RNA was electrophoresed on a formaldehyde-denaturing agarose gel and transferred to nitrocellulose. Blots were probed with 32P-labeled clones in 50% formamide, 4• SSC, 50 mM potassium phosphate (pH 6.5), 0.1% SDS, 5 x Denhardt's solution, and 0.4 mg/ml carrier DNA at 42~C overnight, and then washed five times with &l• SSC, and 0.1% SDS at 65~ (see Fig. 2 A) . Initial Southern blots were probed with 3zP-labeled DNA in 50% formamide, 6• SSC, 0.1% SDS, 5x Denhardt's solution, and 0.5 mg/ml carrier DNA at 42~C overnight, and then washed five times with 0.Ix SSC, and 0.1% SDS at 65~ (see Fig. 2 B). Subsequent Southern blots were probed using the ECL Direct Labeling Kit following the manufacturer's high stringency conditions (Amersham Corp., Arlington Heights, IL).
Antibody Production and Western Blotting
Clone 1 (see Fig. 1 ) was subcloned into the proper orientation and reading frame of the pET 5 expression vector and protein was expressed in the lysogenic Escherichia coli host BL21(DE3) (Studier et al., 1990) . Induced E. coli lysates were electrophoretically separated on slab gels, and the region containing the 150-kD-expressed polypeptide was excised and used to immunize two New Zealand white rabbits (described in Koonce and Mclntosh, 1990) . Each animal produced a high titer antiserum that specifically recognized the dynein heavy chain in Dictyostelium.
Dictyostetium protein preparation, electrophoresis, and immunoblotting was performed as described by Koonce and Mclntosh (1990) .
Results
Using an antiserum directed against the dynein heavy chain, we screened a cDNA expression library to identify and isolate an initial, partial clone from the heavy chain gene (clone 1). Additional clones were identified using restriction fragments from either end of clone 1 to reprobe the library by hybridization and by the PCR-based strategy, described in the Materials and Methods, to walk in the 3' direction along genomic DNA. A summary of the clones used to compile the final sequence is presented in Fig. 1 .
Clone 1 contains the first in-frame AUG translational start codon of the open-reading frame. Three additional, independent, clones isolated from the cDNA library also contained the same open-reading frame, as well as two in-frame stop shows an immunoblot of a sample equivalent to lane b, probed with heavy chain-purified antibodies from the original antiserum (Koonce and Mclntosh, 1990) . The cross-reactive bands beneath the prominent 150-kD band do not appear in blots of uninduced E. coli, and probably represent proteolytic fragments of the expressed polypeptide. Lane c shows a Coomassie blue-stained gel of a high-speed supernatant from Dictyostelium. The arrow marks codons just 5' of the AUG described above. The putative start methionine is within a consensus sequence which is characteristic of eukaryotes in general (Kozak, 1991) , and Dictyostelium in particular (Steel and Jacobson, 1991) . The final clone (clone 9) was amplified from first-strand cDNA made from Dictyostelium RNA by reverse transcription with an anchored oligo dT-primer. It contains three in-frame stop codons, four putative polyadenylation signals, and a long poly(A) tail.
Several properties of the initial clone were analyzed to determine whether it encoded a dynein-like gene product (Fig.  2) . Northern blots demonstrated that this clone hybridizes to a ~14-kb RNA (Fig. 2 A) , a size expected for the heavy chain message. A genomic Southern blot probed with clone 1 suggested that this is a single copy gene in Dictyostelium (Fig.   2 B) . Clone 1 was expressed in bacteria and the resulting polypeptide was used to immunize rabbits. These antisera reacted strongly with the heavy chain from Dictyostelium (Fig. 2 C) , but, unlike the original antiserum, they recognized epitopes found only on the lower molecular weight polypeptide defined by cleavage with UV light, ATP, and vanadate (the "LUV" polypeptide) (Gibbons et al., 1987; Koonce and Mclntosh, 1990 ).
The derived amino acid sequence of the Dictyostelium dynein heavy chain gene is shown in Fig. 3 . The predicted Mr of this polypeptide is 538,482 D. Like the flagellar ~-dynein heavy chains, Dictyostelium dynein contains four GXXXXGKT/S sequences clustered in the middle third of the polypeptide. This motif represents the most conserved part of a consensus sequence for ATP-binding domains (Walker et al., 1982; Fry et al., 1986) . In contrast to the flagellar dynein, however, the Dictyostelium sequence does not contain a fifth consensus site near its NH2-terminus. This may reflect a functional difference between these two types of dynein.
An alignment of the predicted amino acid sequences for Dictyostelium and sea urchin dynein is shown in Fig. 4 .
Using the UWGCG program BESTFIT (Devereux et al., 1984) with a gap weight of 3.0 and a length weight of 0.1, these two sequences are 51% similar and 28 % identical over their entire lengths. However, as is evident in Fig. 4 , this similarity is not uniformly distributed. The amino terminal 1,500-amino acids show regions of marginal similarity (19 % identical), while the central region and the carboxy terminal 1,500-amino acids are 32 % and 29 % identical, respectively. The region of lowest sequence similarity occurs at the amino terminal 100-200 amino acids. Antibodies so far raised to the NH2-terminal region of Dictyostelium dynein do not cross-react with other species of cytoplasmic or axonemal dyneins, further defining its individuality (data not shown). 
E.
coli. An antiserum raised against this peptide reacts well with dyneins from Dictyostelium, a mammalian cell line (HeLa), and sea urchin sperm flagella (data not shown), suggesting that this region is highly conserved among dyneins. Fig. 5 shows direct comparisons between the two dynein sequences from the regions within and surrounding the four "segment 1" consensus sequences for ATP binding (Fry et al., 1986) . Gibbons et al. (1991) , have suggested that the GPAGTGKT site is part of the principal hydrolytic ATPbinding site of dynein. Our data, which identify both this motif and its surroundings as regions of high sequence identity to flagellar dynein, support this assertion.
A secondary structure predicted for the Dictyostelium dynein sequence is presented in Fig. 6 A. Given the size of the amino acid sequence, these results are hard to display, and given the inherent uncertainty in the algorithms that pre- is 64% identical to the corresponding region in the sea urchin sequence; for the second, third, and fourth consensus sequences, the identity is 36, 24, and 37%, respectively. dict structure, they are admittedly difficult to interpret. Nonetheless, the structural information shown in Fig. 6 A is consistent with a mostly globular polypeptide conformation, an observation consistent with most electron microscopic analyses of purified dynein (Warner et al., 1989) , and with the structural predictions of the B-dynein heavy chain sequence (Gibbons et al., 1991; Ogawa, 1991) . The two longest regions of predicted c~-hdix in the Dictyostelium sequence occur between prolines 3,252-3,366 (114 amino acids) and prolines 3, 491-3,630 (139 amino acids) . Because the intact dynein molecule is a complex of several tightly associated polypeptides, and because coiled-coil interactions between u-helices are a fairly common motif in the formation of protein complexes, we tested whether these two regions of predicted a-helix might show diagnostic features of coiled-coil interactions (Fig. 6, B and C) . The "second" region of a-helix (amino acids 3,492-3,629) contains a heptapeptide repeat pattern with an enrichment of hydrophobic amino acid residues at positions a and d, as well as the periodicity of positively and negatively charged amino acids that is characteristic of a coiled-coil structural conformation (McLachlan and Kam, 1983) . (Fig. 6B) . The "first" region of o~-helix (amino acids 3,253-3,365) shows a strong peak of hydrophobic amino acid residues at position d, but there is no second enrichment of hydrophobic residues within the 7-amino acid repeat pattern (Fig. 6 c) . In addition, there is no obvious periodicity of the positively and negatively charged residues.
While these types of analyses do not rigorously demonstrate the presence or absence of a coiled-coil structural conformation, at least they provide a suggestion for a more detailed molecular characterization.
Discussion
Using a combination of immunological, DNA hybridization, and PCR-based techniques, we have isolated a gene sequence that encodes a dynein heavy chain from the cellular slime mold Dictyostelium. All the portions of this sequence so far tested hybridize to a ~14-kb RNA on Northern blots, and under high stringency conditions for Southern blotting, they recognize a single copy gene in the Dictyostelium genome.
Bacterially expressed protein for two separate regions of this sequence have elicited antibodies in rabbits that bind with high avidity to the native dynein heavy chain. This sequence contains an open-reading frame of 4,725 amino acids, which shows substantial similarity to the flagellar/3-dynein heavy chain (Gibbons et al., 1991; Ogawa, 1991) .
Because part of our cloning strategy involved a multistep PCR walk along genomic DNA, we were concerned about two possible artifacts: jumping between related dynein sequences, and including sequence from introns. Three kinds of data dispel the first concern: (a) whenever adjacent clones overlapped, they contained identical nucleotide sequence; (b) all clones, except numbers 8 and 9, were used to probe Southern blots, and, under high stringency conditions, all blots were consistent with a single copy gene in this organism (data not shown); and (c) all the restriction sites identified by genomic Southern blotting were found in their predicted order and spacing in the final sequence. In addition, preliminary Southern blot analysis under low stringency conditions suggests that Dictyostelium contains only a single dynein gene (data not shown). The concern about introns can also be dismissed. In Dictyostelium, introns are believed to be small (~100 bp), infrequent, highly A/T rich (95%), and bounded by conserved splice sites (Kimmel and Firtel, 1982) ; the clones presented here do not contain sequence with these characteristics.
Because of the small size of the Dictyostelium genome ('~50,000 kb; Kimmel and Firtel, 1982) , the scarcity of introns in this organism, and the various levels of selection in the procedure, the PCR-based technique we have adapted was a rather quick and efficient method to walk in a given direction along a chromosome. One might expect this procedure to be a useful alternative in cloning the 5' and 3' nontranscribed regions of genes in organisms with genomes similar to Dictyostelium.
With the exception of the two flagetlar dyneins (Gibbons et al., 1991; Ogawa, 1991) , the sequence reported here shows no substantial similarity to any other proteins or nucleic acids in the GenBank, NBRF, or SwissProt databases, including detailed comparisons we have made with myosin (Warrick et al., 1986) , kinesin (Yang et al., 1989) , NCD (Endow et al., 1990; McDonald and Goldstein, 1990) , and dynamin (Obar et al., 1990) . The COOH-terminal twothirds of the flagellar and cytoplasmic dynein heavy chains are rather similar (32 % identical), suggesting that this region comprises the essential structural and mechanochemical domains of a dynein molecule. In contrast, the low degree of similarity at the amino terminus and the first one-third of the coding sequence, suggests that this region may define some of the important functional differences between cytoplasmic and axonemal dyneins, such as sites for vesicle or kinetochore binding, or for the ATP-insensitive binding to microtubules which is characteristic of the axonemal forms (Warner et al., 1989; Gibbons, 1988; Vallee and Shpetner, 1990) .
Both biochemical and ultrastructural data suggest that cytoplasmic and flagellar dyneins comprise two (or three) heavy chains and various smaller molecular weight polypeptides (Warner et al., 1989; Mclntosh and Porter, 1989; Vallee et al., 1988) . The heavy chains of two other mechanochemical proteins myosin 1I and kinesin, form dimers, at least in part, through coiled-coil interactions in their rod domains (McLachlan and Karn, 1983; de Cuevas et al., 1992) . Whether the dynein heavy chains associate through a similar interaction is not known. A prediction of secondary structural features in the Dictyostelium sequence suggests that there are only two regions of c~-helix greater than 100 amino acids, both following the fourth ATP-binding consensus sequence. Both of these regions show some degree of similarity (~17 % identity) to a portion of the rod domain of several myosin heavy chains and to several regions within the kinesin rod domain. Amino acid heptad repeats that are characteristic of coiled-coil structure (McLachlan and Karn, 1983) can also be found within at least one of these regions. A similar structural motif in approximately the same position has been reported for the flagellar/3-dynein sequences (Gibbons et al., 1991; Ogawa, 1991) . This region may reflect a conserved feature of dynein, and might be important for the tertiary and/or quarternary structure of the native molecule, either by providing some three-dimensional folding information or through association with another heavy chain or conserved accessory protein.
We are now working with this dynein sequence in an attempt to map important functional domains and to develop an understanding of dynein's role in mitosis or other cellular motile processes.
